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Abstract

Livestock stocking rates and decisions about how to move animals in time and space impact plant responses
to livestock grazing. We report on a ranch-scale collaborative experiment comparing adaptive rotational
grazing management to season-long continuous grazing during a 4.5-month grazing period during the growing
season. As part of this project, stakeholders and scientists worked together to articulate their hypotheses about
the mechanisms linking rotational grazing with expected vegetation outcomes. Several stakeholders expected
rotational grazing to enhance the production and diversity of grazing-sensitive perennial grass species. The
main hypothesized mechanism underlying this expectation was that rotation grazing should reduce regrazing
of these grass plants. To test this hypothesis, we monitored patterns of grazing and regrazing on individual
tillers (ramets) of a grazing-sensitive grass species, Pascopyrum smithii (western wheatgrass) for three
consecutive years. We measured regrazing rates in paddocks managed using moderate stocking and adaptive
rotational grazing as well as paddocks grazed continuously, season-long at light, moderate, or heavy stocking
rates. Tillers in heavily grazed paddocks were regrazed more than three times as frequently as tillers in
moderately grazed pastures, reinforcing the importance of stocking rate as a driver of vegetation impact. At
the ranch-scale, tillers were regrazed equally often under adaptive rotational and season-long continuous
grazing management, and this result did not vary across years. Adaptive rotational grazing greatly increased
heterogeneity among paddocks in patterns of regrazing, with some paddocks experiencing high utilization and
others experiencing low utilization. In this semi-arid rangeland, tiller defoliation data do not support the
hypothesis that adaptive rotational grazing leads to less regrazing at the ranch-scale. In line with these
mechanistic results, the production and diversity of grazing-sensitive perennial grasses also failed to respond
to adaptive rotational grazing after five years. However, adaptive rotational grazing may enhance management
flexibility and provide opportunities to work towards other objectives, such as wildlife habitat.

Introduction

Both clipping and grazing studies have found that as defoliation intensity or frequency increases, plant biomass
and production tend to decline, though the magnitude of this decline varies by species (e.g., Broadbent et al.
2018; Buwai and Trlica 1977). Given the importance of defoliation as a driver of grass production,
considerable research has focused on how to limit defoliation frequency and intensity while still allowing
grazing animals to utilize palatable forage. Marking tillers and documenting their defoliation by grazing
animals is difficult, and therefore only a few studies have rigorously addressed this question, mostly in the
context of highly controlled experiments in small paddocks. These studies uniformly concluded that as
stocking rate (the number of animals per unit land per unit time) increased, the occurrence of grazing and
regrazing also increased (e.g., Derner et al. 1994; Hart et al. 1993; O'Reagain and Grau 1995; Volesky 1994).
Studies exploring the effects of rotational grazing on tiller defoliation have produced mixed results, often
due to study designs confounding differences in grazing system with differences in stocking rates (Briske et
al. 2011). For studies that did compare continuous (or lower stock density) and rotational (or higher stock
density) grazing systems using similar stocking rates, results were also mixed. For example, the percentage of
tillers grazed more than once was either similar (Hart et al. 1993; Volesky 1994), higher (Gammon and Roberts
1978; Senock et al. 1993), or lower (Derner et al. 1994; Gammon and Roberts 1978, different species) in
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rotational than continuous treatments. Many of these studies concluded that the effects of stocking rate far
outweighed the effects of grazing system, and that regrazing was relatively rare at moderate stocking rates
regardless of grazing system.
Two limitations of past studies on rotational grazing are their limited spatial extent (small paddocks) and
the use of fixed grazing schedules that ignored the adaptive decision-making often associated with multipaddock rotational grazing (Briske et al. 2011; Teague and Barnes 2017). To address these limitations, we
investigated tiller defoliation dynamics of western wheatgrass (Pascopyrum smithii), a palatable cool-season
grass, within the Collaborative Adaptive Rangeland Management (CARM) experiment, located in the
shortgrass steppe of Colorado (Fernández-Giménez et al. 2019; Wilmer et al. 2018). This experiment is a
ranch-scale (2,600-ha) study evaluating responses of vegetation, cattle, and wildlife to 1) collaborative
adaptive multi-paddock rotational grazing (syn. CARM) and 2) season-long, continuous grazing traditionally
used in this ecosystem (hereafter Traditional Rangeland Management, or TRM, Bement 1969). For CARM,
decisions regarding objectives, annual stocking rate, and the sequence and timing of cattle movements among
paddocks were made by an 11-member stakeholder group composed of ranchers, land management agency
professionals and conservation organization representatives. Focusing on the effects of rotational grazing on
frequency, intensity, and uniformity of defoliation, we asked (1) Did grazing treatment (CARM vs. TRM)
affect the proportion of western wheatgrass tillers that were grazed, or the average number of times a given
tiller was grazed?, and (2) Did the number of times a tiller was grazed affect its average, season-long change
in length?

Methods and Study Site

The study took place at the USDA-Agricultural Research Service Central Plains Experimental Range (CPER),
a Long-Term Agroecosystem Research (LTAR) network site (https://ltar.ars.usda.gov), located in northcentral Colorado, USA (40°49' N, 107°46' W). Long-term mean annual precipitation on the CPER is 340 mm,
with > 80% occurring during the growing season. Precipitation in 2017 was slightly above average throughout
the season (water year precipitation = 377 mm), while in 2018 the site experienced a wet spring followed by a
dry summer (water year precipitation = 264 mm). Mean annual air temperature is 8.4ºC, and soils range from
fine sandy loams to alkaline salt flats. Two warm-season (C4) shortgrass species (Bouteloua gracilis and B.
dactyloides) comprise over 70% of aboveground net primary productivity at the CPER. Cool-season (C3)
perennial grasses, warm-season bunchgrasses, plains pricklypear cactus (Opuntia polyacantha), subshrubs,
and fourwing saltbush (Atriplex canescens) are less abundant but generate taller structure on the landscape.
Experimental design
To create the CARM experiment, twenty 130-ha paddocks were paired into 10 blocks where each block
contained two paddocks similar in terms of soil and plant characteristics, topographic patterns, and prior
management history of season-long grazing at moderate stocking rates (Augustine et al. 2020; FernándezGiménez et al. 2019). One pasture in each pair was randomly assigned to the TRM treatment, and the other
paddock was assigned to the CARM treatment. The 10 CARM paddocks were grazed at moderate rates by a
single, large herd of yearling steers managed by the stakeholder group using CARM. Each of the 10 paired
TRM paddocks was grazed continuously, season-long (mid-May to early October) by a single herd of yearling
steers at one-tenth the stocking density used in CARM. Thus, CARM and TRM shared the same ranch-scale
stocking rate but differed in terms of stock density, paddock-level stocking rate, spatio-temporal distribution
of cattle, and the use of collaborative adaptive management (Augustine et al. 2020; Fernández-Giménez et al.
2019). Details of the adaptive management strategy applied in CARM are described by Wilmer et al. (2018).
To enhance the inference space of the CARM results, data were also collected in two 130-ha paddocks
that were part of a long-term grazing intensity study (Hart and Ashby 1998). One paddock had been grazed at
a heavy stocking rate (targeted for 60% utilization of peak growing season biomass) and the other at a light
stocking rate (20% utilization) every year since 1939. Both paddocks were managed using season-long
continuous grazing from mid-May to early-October. Cattle in both experiments were mixed European breeds.
Data collection
We established four pairs of monitoring plots within each pair of paddocks, where each pair of plots was on
the same soil type and topographic position. Annual monitoring of these plots over the first five years of the
experiment showed no evidence that the CARM treatment enhanced western wheatgrass tiller densities more
than the TRM treatment (Augustine et al. 2020). For the current study, we established new 30 m-long transects
(three per paddock) near the long-term monitoring transects with the highest densities of western wheatgrass.
For the long-term light and heavy grazing intensity paddocks, we split each paddock into thirds along its northsouth axis. Within each third (north, central, or south), we randomly selected a location for the tiller defoliation
transect. If the randomly selected location did not have sufficient western wheatgrass, we moved the transect
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to the closest location with sufficient density of the target species. Along each 30-m tiller defoliation transect,
we used plastic twist-ties to mark 30 western wheatgrass tillers (ramets). At each meter along the transect, we
marked the closest available tiller, being careful not to bias our selection based on tiller size. Marked tillers
were sampled repeatedly throughout each growing season. At each sampling date, the total aboveground length
of each tiller was measured. Evidence of grazing was recorded for each tiller, and grazed tiller tips were marked
with white paint. If the white paint was still present at the next sampling date, the tiller had not been regrazed.
Data analysis
We analyzed data using linear mixed models. To examine potential differences in response patterns between
a wet year (2017) and a dry year (2018), each year was analyzed separately. For paddock-scale analyses, tillerlevel data were averaged at the transect level (three per paddock) before analysis. Response variables included
the proportion of tillers on a given transect that were grazed and the average number of times a tiller was
grazed per transect. Grazing treatment (CARM vs TRM) was included as a fixed effect, while random factors
included block (paddock pair) and paddock nested within block. The unreplicated heavy and light grazing
treatments were not included in statistical analyses, but we report findings to provide additional context for
CARM and TRM results. We also conducted analyses at the tiller scale. For these tests we used similar models,
but transect nested within paddock and block was added as an additional random effect. To assess impacts of
grazing and regrazing on aboveground resources (e.g., photosynthetic capacity), we asked if the number of
times a tiller was grazed affected its season-long change in length.

Results

Figure 1. Tiller defoliation patterns at CPER

In 2017, a relatively wet year, approximately 40% of
tillers were grazed in both CARM and TRM
a
2017
treatments (both moderately stocked), and the
b
2018
proportion of tillers grazed did not differ between
treatments (F1,9=0.85, P=0.4). In the lightly and
heavily grazed paddocks, 24% and 66% of the
marked western wheatgrass tillers were grazed in
2017, respectively (Fig. 1a). In 2018, when a dry
summer followed a wet spring, approximately 25%
of tillers were grazed in CARM and TRM treatments,
c
d
and the proportion again did not differ between
treatments (F1,10=0.08, P=0.8). In the lightly and
heavily grazed paddocks in 2018, 18% and 65% of
marked tillers were grazed, respectively (Fig. 1b).
In 2017, tillers experienced equal amounts of
regrazing in the CARM and TRM treatments (Fig.
1c; F1,9=0.06, P=0.8). Averaged across CARM and
TRM treatments, 25% of tillers were grazed once, 11% were grazed twice, and 4% were grazed more than
twice. In the heavily grazed paddock, 30% of marked tillers were grazed once, 21% were grazed twice, and
15% were grazed more than twice, whereas in the lightly grazed paddock, 15% of tillers were grazed once,
7% were grazed twice, and 2% were grazed more than twice. In 2018, tillers again experienced equal amounts
of regrazing in the CARM and TRM treatments (Fig. 1d; F1,10=0.08, P=0.8). Across CARM and TRM
treatments, 20% of tillers were grazed once, 4% were grazed twice, and 1% were grazed more than twice. In
the heavily grazed paddock, 46% of marked tillers were grazed once, 13% were grazed twice, and 6% were
grazed more than twice, whereas in the lightly grazed paddock, 15% of tillers were grazed once, 3% were
grazed twice, and none were grazed more than twice.
In both years, the number of times a tiller was grazed had a large impact on its season-long change in
length (2017 F1,2234=100, P<0.0001; 2018 F1,2825=280, P<0.0001). Ungrazed tillers either did not change or
increased in length between mid-May and early-October, whereas tillers grazed once declined in length by 1
to 4 cm. Tillers grazed two or more times declined in length by 2 to 6 cm.

Discussion

To our knowledge, this was the first ranch-scale experimental investigation into tiller defoliation dynamics in
the context of adaptive multi-paddock rotational grazing. We found that collaborative adaptive multi-paddock
rotational grazing (CARM) did not reduce rates of grazing and regrazing on western wheatgrass tillers at the
ranch-scale in the shortgrass steppe, when compared to season-long continuous grazing (TRM) at the same
stocking rate. Thus, the use of adaptive multi-paddock rotational grazing strategies should not be expected to
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enhance the production or abundance of this palatable, cool-season species. A general lack of difference
between grazing treatments matches previous studies as well as tiller density results from this study.
Consistent with many previous studies conducted in smaller paddocks, in the absence of adaptive
management, we observed that frequencies of grazing and regrazing on a palatable, cool-season grass (western
wheatgrass) were much more sensitive to stocking rate than grazing system treatment. Under the moderate
stocking rates used in both CARM and TRM treatments, roughly two-thirds of western wheatgrass tillers
remained ungrazed annually, and levels of regrazing were low in both treatments (5-15%). Compared to
moderately grazed paddocks, both grazing intensity and frequency were substantially higher in the long-term
heavily grazed paddock and lower in the long-term lightly grazed paddock.
It is important to emphasize that our results do not suggest grazing and regrazing are benign for western
wheatgrass production. On the contrary, our data indicate that grazing and regrazing lead to significant
reductions in tiller length. These results match previous studies showing that defoliation, and particularly
repeated defoliation, can reduce aboveground production in western wheatgrass. However, our data
convincingly show that rest is effectively “built-in” to non-heavily stocked continuous grazing systems. That
is, cattle do not have to be absent from a paddock to create opportunities for season-long rest at the scale of
individual grass plants. Ranch-level tiller defoliation data provide further evidence that stocking rate is a far
more important driver of defoliation outcomes than the spatiotemporal movement of cattle among paddocks.
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